Some most representative results for semicrystalline polymers by positron annihilation spectroscopy method, showing the influence of crystallinity and morphology of samples on positron annihilation characteristics, are reminded. The latest finding of the author's experiment on modified polyamide 6 is presented. The latter reveals that the interfacial zone between a lamella and an amorphous region may influence the ortho-positronium characteristics. The role of chain defects is stressed.
Introduction
The characteristics of the longest-lived component(s) in the positron annihilation lifetime spectra (PALS), ascribed to ortho-positronium (o-Ps) atoms decays in free-volume holes, are used to get information on the concentration of free--volume holes, the mean size of the holes, and the fractional free volume. Carrying out such studies of semicrystalline polymers one must be sure about the role of crystalline domains in positron annihilation mechanism. However, the question of influence of the presence of crystalline regions on ortho-positronium annihilation characteristics, although having been studied and announced since years, has not been solved yet. Some representative examples, of the attempts undertaken in the past, are given in the paper to show that there is no general relationship between the level of crystallinity and the characteristics. The examples of the influence of morphology of samples on o-Ps annihilation characteristics are included, although very few of such studies are known from literature. However, not always any correlation of the characteristics with crystallinity and morphology of samples was observed.
Examples of influence of crystallinity on positron annihilation characteristics
In the very early papers the information was already given that in positron lifetime spectra measured for polymers the long-lived component appeared of con-(559) siderable intensity. The exemplary data for semicrystalline polytetrafluoroethylene (PTFE) and polyethylene (PE) from [1] are presented in Table I . Then, with the improvement of the method of analysis, three-component fit occurred to be better and two long-lived components were usually extracted from the positron lifetime spectra, as in [2] . Exemplary results for semicrystalline polyamide 6 (PA6) and polypropylene (PP) are in Table II . Authors [2] assumed the sum of the intensities (I 2 + I 3 ) as the total intensity of the o-Ps, decaying via pick-off in crystalline and amorphous domains of the sample, respectively. The possibility of o-Ps quenching, when bounded with a molecule in the crystalline domains, was taken into account, too. For PTFE the sum became smaller when sample crystallinity increased, as it is shown in Table III . The authors' [2] general conclusion was that positron mean lifetime may be different in substances of the same chemical content but of different structure. Because an increase in I 2 was observed with crystallinity, the proposal was given to take the ratio
I2+I3 as a measure of the crystallinity of the studied samples. Similar trend (a rise of the ratio with crystallinity of PTFE) was found in [3] but it occurred not to be the general rule (cf. results for poly(butadiene) in the same paper [3] ).
The improvement of both experimental techniques and the way of analysis of the positron lifetime spectra resulted in still greater number of lifetime components being revealed in the PALS spectra. In [4] three, of the four lifetime components found in the spectra of semicrystalline PE, were ascribed to annihilation events in three different regions of the studied samples, i.e. lamellae, less ordered regions between lamellae and amorphous regions between spherulites. By chance the crystallinity of the samples from differential scanning calorimetry (DSC) and X-ray diffraction technique was numerically close to the sum of relative intensities of positron annihilation in lamellae and between lamellae. It confirmed the authors in their belief about a connection between positron annihilation characteristics and the crystallinity of samples.
In [5] the linear correlation between the percentage of crystallinity and the longest-lived component intensity I 3 , assigned to o-Ps localized in free-volume sites, was observed for polyetheretherkethone (PEEK). According to the results, the o-Ps intensity would be zero in a single crystal of PEEK, while the observed o-Ps lifetime was constant, regardless of the degree of crystallinity. In opinion of the authors [5] the small thickness of the crystalline lamellae (about 2.0 nm) allowed all of the o-Ps to diffuse to free-volume sites.
In contrary to the results of [5] , the intensities of the two long-lived components (I 3 , I 4 ) were both independent of crystallinity of samples of the semicrystalline syndiotactic polystyrene [6] . Quick diffusion (in a fraction of a picosecond) of o-Ps formed in the crystalline region was this time assumed to explain the independence of the intensities of crystallinity.
The decrease in I 3 (the longest-lived component intensity) with increasing crystallinity was reported in [7] for semicrystalline polyethylene terephthalate (PET). However, the extrapolation gave I 3 ≈ 6% at 100% crystallinity. Therefore, the conclusion was that the semicrystalline phase in PET contributed to the o-Ps formation. According to the authors' hypothesis [7] the inhomogeneous electron distribution existing in the crystal structure of PET is the reason that "even small lattice distortions, such as long range thermal vibrations with frequencies < 10 8 Hz can provide trapping sites for o-Ps formation in the crystalline phase in the regions of reduced atomic/electron density, and the respective I 3 dependence on the crystallinity should be linear." The above hypothesis was checked by the same authors in studies of the temperature dependence of I 3 [7] . As far as the result of [5] is concerned, the opinion was given [7] that such intra-crystalline trapping sites for o-Ps formation are simply not present in the PEEK crystal because of a more uniform atomic/electronic density distribution, in comparison to PET molecules.
Other results of PALS studies of highly crystalline polymers (PET, PE -90-95% vol.) [8] demonstrate that formation of o-Ps in the crystalline phase is more abundant at high temperatures and, in opinion of the authors, not necessarily correlated to the availability of free-volume sites. They assume that positronium formation and annihilation take place in thermally generated o-Ps localization sites within the crystalline lattice, which exhibit relatively long lifetimes (> 2 ns). The probability of positronium formation should depend, in that case, on the vibrational properties of the material since the amount of these sites changes reversibly with the temperature [8] .
Examples of morphology influence on positron annihilation characteristics
In [9] PE samples obtained by isothermal crystallization, with well defined lamellar structure, and the content of defects as well, were studied. The aim of the investigation was to find if any correlation exists between the mechanism of positron annihilation and the microstructure of the studied PE samples. The general conclusion was that the annihilation characteristics may be related to the average distance between crystallites, thickness of them, and the concentration of chain defects. The research was then continued and in [10] a model of positronium diffusion in semicrystalline PE was given. Positronium was assumed to be formed in crystalline and amorphous phases and its tunneling through the interface between both phases was proposed. Although the ideas of the positronium diffusion and escape from the crystalline to the amorphous phase are acceptable, the model in [10] is incorrect. As it was shown in [11] , the expression for the positronium transition probability P from the crystalline to amorphous phase, given in [10] should be substituted with the formula (1)
where l c and L 1 denote the thickness of the lamella and the positronium diffusion length, respectively. The mistake resulted in four times greater value of the positronium diffusion length, L 1 , fitted in [10] to the obtained results. The correct value of L 1 is 2.5 nm. The resultant positronium flux may be really pointed at a broad amorphous domain between thin lamellae, especially when the positronium diffusion length in the lamellae L 1 is greater than the one in the amorphous region L a . Very low values of L a (a fewÅ at room temperature (RT)) were in fact reported in [12] for some amorphous polymers. In [13] a large difference was found between the positronium diffusion coefficient in semicrystalline ice (about 0.2 cm 2 /s) and in amorphous ice (roughly 10 −3 cm 2 /s). Trapping of positronium in defects in the amorphous ice was assumed as the reason of the large difference. In contrast to the results given in [9, 10] no correlation of o-Ps characteristics with such morphological parameters as the long period and the lamella thickness was found in [7] . More data concerning PALS studies of semicrystalline polymers can be found in [14] . Comprehensive studies of semicrystalline PE [15] and PTFE [16] are worthy to be mentioned, too.
The interfacial zone in polymers
An existence of a third, interfacial phase in semicrystalline polymers, that can make up to 20% of the material, is evidenced by results of dielectric relaxation, NMR, small-angle neutron scattering, specific heat measurements, electron microscopy, and analysis of the Raman internal modes [17] . The main reason of the existence of the interfacial phase is the difference in conformation of chains in the crystalline and amorphous domains of semicrystalline polymers. It is assumed that the interfacial zone is characterized by a partial ordering of chains. In [18] a model of such zone, given by Struik, is mentioned.
According to the model: "the crystalline regions disturb the amorphous phase and reduce its segmental mobility. This reduction is at its maximum in the immediate vicinity of the crystallites; at large distances from the crystallites the properties of the amorphous phase will become equal to those of the bulk amorphous material" [18] . More detailed characterization of the interfacial zone can be found in [17] .
Results for modified polyamide 6

Polyamide 6 -general information
Polyamide 6 is a polymer with two crystalline forms (α and γ). The α-form has a monoclinic structure, where neighboring chains form hydrogen bonds, which in turn generate a planar hydrogen-bonded sheet (ac-plane). These sheets stack together via van der Waals interactions. This structure gives two interchain diffraction signals at spacings of 0.44 nm (indexed as (200)) and 0.37 nm (indexed as (020)/(220)), respectively. The single sheets generate a (002) diffraction signal from the planes of C=O groups at a spacing of 0.862 nm. The γ-form also has a monoclinic structure, but because the amide units tilt and rotate out of the ac-plane, hydrogen bonds occur between parallel chains, which explain a reduction of the two interchain distances in the region 0.40-0.42 nm. The hydrogen bonding is poorer in the γ-form compared to the α-form.
Properties of the studied samples
As a result of the way of preparation described in detail in [19] three samples, denoted further as: PA6 raw, PA6 H 2 O and PA6 LN, were obtained. The symbol PA6 H 2 O denotes a sample after modification of the PA6 raw with water vapor at high temperature and pressure, while PA6 LN refers to a sample obtained as a result of quenching the PA6 raw sample with liquid nitrogen. The results of studies of the modified samples, obtained by wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS), are summarized in Table IV . Table IV denote the mean crystallite size in the direction perpendicular to the (200) planes of the both polymorphic forms, L is the long period (the average distance between the crystallites, along the chain axis), l c is the average thickness of the lamella, E is the average thickness of the transition layer between the lamella and the amorphous region. In the transition zone the number density of the electronic charge was assumed to change linearly from ρ c , characteristic of the lamella, to ρ a -characteristic of the amorphous domain. Crystallinity of the studied samples is the same (one must take into account the error ≈ 1.5 wt.%) but the morphology changed a little as a result of the modification. Quenching resulted in a higher content of the γ-form (less dense and less stable in a thermodynamic sense) in the PA6 LN sample. SAXS curves [19] indicate that the best and most uniform lamellar structure exists in the sample PA6 H 2 O, in which the thickness of the amorphous layer is the highest, while the transition layer between semicrystalline and amorphous domain is the thinnest one. In the same sample the crystallites are the biggest ones. When comparing the WAXS curves for PA6 H 2 O and PA6 LN in the range of 2Θ from 16
• to 28
• , as it is presented in Fig. 1 in [20] , one obtains the following information:
• Positions of the peaks α(200) and α(020)/(220), corresponding to the α-crystalline form, are in case of the sample PA6 H 2 O very close to the theoretical ones. The peak coming from the plane (200) corresponds to the interchain distance in the plane where the hydrogen bonds between the groups CO and NH exist.
• In case of the sample PA6 LN distinct shifts of the α-peaks take place:
(1) to the higher values of 2Θ in the case of the left peak (the shift denotes the decrease in the interchain distance), (2) to the smaller scattering angles in case of the right peak (enlargement of the interchain distance). The shifts suggest both the deformation of the unit cell of the α-crystalline form in the quenched sample and the presence of defects.
Results of positron annihilation lifetime spectra measurements
A description of the measurements as well as the way of the analysis of the PALS spectra were given in [19] . Here, the information on the o-Ps characteristics is only delivered. In Figs. 1 and 2 respectively, the intensity I 3 and the average value, τ 3 , of the log-normal distribution of the lifetimes corresponding to the longest-lived component, are presented for the samples of the most different morphology, i.e. PA6 LN and PA6 H 2 O, above the glass transition temperature of the sample PA6 raw. It is seen that I 3 is distinctly higher for the sample PA6 LN than for the PA6 H 2 O sample. Taking into account that the density of the γ-phase is about 6% smaller than the density of the α-phase, the higher content of the γ-form may result in the increase in the intensity of the longest-lived component in the quenched sample. It is connected with the looser packing of PA6 chains in part of the crystalline regions of the sample PA6 LN containing more γ-crystalline form than the sample PA6 H 2 O. Specific volume of amorphous zones in polyamide 6 depends on the ratio of the α-form to the γ-form content [21] . Higher content of γ-form results in higher specific volume of the amorphous zones. In Fig. 3 the average value of the determined o-Ps intensity (I 3av ), in the whole region of the temperature above the glass transition temperature, is given for all the studied samples vs. the reciprocal of the long period L (lamellar periodicity from SAXS). L −1 values are proportional to the number density of the interfaces (lamella/transition zone) where different defects (i.e. jogs, loops, chain ends, dislocations) may exist. The rise in I 3av values with the density of the interfaces points out the important role of the interfaces and defects at them in the process of ortho-positronium annihilation (cf. Fig. 3 in [9] ). The highest value of I 3av for the sample PA6 LN corresponds well with both the deformation of the unit cell of the α-form and the presence of defects found by the shift of the peaks of α-form in the WAXS curve for this sample.
In Fig. 2 the values of τ 3 for the PA6 H 2 O sample are arranged a little higher in comparison to those for PA6 LN. One may suspect that it is the result of the lesser topological constraints imposed by the presence of crystallites on the chains in the amorphous zones of the PA6 H 2 O in which the zones are the broadest ones. The lesser topological constraints mean the looser packing of the chains in the central parts of the amorphous zones which may contribute to the increase in the τ 3 values for the sample PA6 H 2 O.
Discussion and summary
Special treatment of the raw sample of the PA6 with water vapor and liquid nitrogen resulted in changes of morphology of the samples. The changes, although not as great as expected, were detected by WAXS and SAXS methods.
As it was shown in Sect. 2 of this paper, the influence of morphology on positron annihilation mechanism in semicrystalline polymers, is not clear. It seems that the formation and annihilation of positronium in both the crystalline and amorphous phases depends on the material under investigation. To be sure that the ortho-positronium characteristics reflect only the free volume properties of the amorphous phase of the semicrystalline polymers, one should carry out thorough investigation of the studied samples. Especially, apart from the crystallinity level and morphological data (the long period, thickness of the lamella and the transition layer), the distribution, type, and size of defects should be known.
Not having information on defects in the studied samples, but taking into account the data and results presented in Sect. 5, one may suspect that:
• Positronium is formed in the crystalline and the amorphous domains as well as in the transition zone of the samples of polyamide 6.
• Positronium annihilates in the whole volume of the samples. The diffusion of o-Ps may take place from the crystalline to the amorphous domains (especially in case of thin lamellae and thin transition zones), but it is disturbed by trapping o-Ps atoms in chain defects. The values of the positronium transition probability (P ) from the lamella to the transition zone, according to the formula (1) Table IV . Although the value of L 1 for PA6 is not known, it is reasonably to accept it to be close to that of PE, and use it in order to estimate the values of P . Taking into account the estimated values of P one can see that the escape to the amorphous zone is the most probable in case of the sample PA6 LN, thus contributing to the increase in the value of I 3 for this sample.
• Defects in the crystalline and in the transition zones are probably characterized by the lifetimes smaller but close to the lifetime characteristic of the free-volume holes in the amorphous domains in the studied samples of polyamide 6. One may take into account such defects as chain loops, chain end clusters (the so-called "amorphous defects") [9] well known and established in PE. The defects contribute to the unoccupied volume of the whole samples.
• The contribution of the o-Ps decays in defects is not possible to be extracted as an individual lifetime component. The longest-lived component intensity I 3 is probably a mixture coming from the o-Ps annihilation events in the defects and in the free-volume holes. As a proof one may take a little shorter value of τ 3 for the PA6 LN sample with defected α-crystalline form in comparison to the value for the PA6 H 2 O sample in which the best crystalline structure was detected.
• The higher values of τ 3 in case of the sample PA6 H 2 O may reflect also the weaker influence of the crystalline phase on the amorphous domains (especially on the central zones of them, according to Struik's model), which are the broadest ones among the studied samples.
The results indicate that positron annihilation studies of PA6 are particularly complex and need more extensive and systematic studies, for more numerous set of well defined and more differentiated samples, to elucidate the question of the contribution of the crystallinity and morphology of samples.
